Introduction and objective: Precisely and sensitively diagnosing diseases especially early and accurate tumor diagnosis in clinical magnetic resonance (MR) scanner is a highly demanding but challenging task. Gadolinium (Gd) chelate is the most common T 1 magnetic resonance imaging (MRI) contrast agent at present. However, traditional Gd-chelates are suffering from low relaxivity, which hampers its application in clinical diagnosis. Currently, the development of nano-sized Gd based T 1 contrast agent, such as incorporating gadolinium chelate into nanocarriers, is an attractive and feasible strategy to enhance the T 1 contrast capacity of Gd chelate. The objective of this study is to improve the T 1 contrast ability of Gdchelate by synthesizing nanoparticles (NPs) for accurate and early diagnosis in clinical diseases. Methods: Reverse microemulsion method was used to coat iron oxide (IO) with tunable silica shell and form cores of NPs IO@SiO 2 at step one, then Gd-chelate was loaded on the surface of silica-coated iron oxide NPs. Finally, Gd-based silica coating magnetite NPs IO@SiO 2 -DTPA-Gd was developed and tested the ability to detect tumor cells on the cellular and in vivo level. Results: The r 1 value of IO@SiO 2 -DTPA-Gd NPs with the silica shell thickness of 12 nm was about 33.6 mM −1 s −1 , which was approximately 6 times higher than Gd-DTPA, and based on its high T 1 contrast ability, IO@SiO 2 -DTPA-Gd NPs could effectively detect tumor cells on the cellular and in vivo level. Conclusion: Our findings revealed the improvement of T 1 relaxation was not only because of the increase of molecular tumbling time caused by the IO@SiO 2 nanocarrier but also the generated magnetic field caused by the IO core. This nanostructure with high T 1 contrast ability may open a new approach to construct high-performance T 1 contrast agent.
Introduction
Magnetic resonance imaging has been widely used in clinical diagnosis due to its high spatial and temporal resolution, non-invasive and non-radioactive imaging. 1, 2 However, its sensitivity and specificity are insufficient to provide enough signal in clinical MR scanner to achieve the diagnosis, especially early and accurate tumor diagnosis. Thus, various MRI contrast agents have been developed, such as gadolinium-based, 3, 4 iron-based, [5] [6] [7] and manganese-based agents, [8] [9] [10] [11] to improve its accuracy and sensitivity. Compared to iron or manganese element, gadolinium exhibits long electronic relaxation time and more unpaired electrons. These advantages endow Gdchelates to be the most common T 1 MRI contrast agent to shorten longitudinal relaxation time of protons and assist cancer diagnosis in clinical. Currently, different Gd-chelates have been approved by the Food and Drug Administration (FDA) for clinical imaging, such as Gd-DTPA (Magnevist) and Gd-DOTA (Dotarem). However, Gd-chelates are suffering from low relaxivity and contrast efficiency, which hamper the application on clinical diagnosis. Based on the classical Solomon-Bloembergen-Morgan (SBM) theory, the T 1 relaxivity is determined by a few parameters, including proton residence lifetime, molecular tumbling time and the number of coordinating. 12, 13 In theory, along with the increase of molecular tumbling time, number of coordinating, and decrease of proton residence lifetime, the T 1 contrast capacity of contrast agent is improved. Nano-sized materials exhibit significantly slower molecular tumbling than small molecules, which could improve T 1 MRI contrast ability of Gdbased agent. [14] [15] [16] Thus, development of nano-sized Gd based T 1 contrast agent, such as incorporating Gd-chelates into nanocarriers, is an attractive and feasible strategy to enhance the T 1 contrast capacity of Gd-chelates.
On the basis of its high biocompatibility and T 2 contrast capacity, superparamagnetic iron oxide NPs have been used as the nanocarrier for constructing T 1 /T 2 dualmodal MRI contrast agent to achieve tumor diagnosis. [17] [18] [19] However, the effect of iron oxide NPs which could affect the T 1 contrast ability of Gd-chelate was ignored. Previous research indicated that the magnetic field generated by superparamagnetic T 2 contrast agent might disturb the relaxation process of proton caused by the T 1 contrast agent, which may quench the acceleration effect of Gdchelate to proton relaxation. [20] [21] [22] It should be noted that this quenching effect decreases with the increase of the distance between T 2 contrast agent and T 1 contrast agent. Meanwhile, the magnetic field induced by the T 2 contrast agent may result in T 1 spin alignment in the same direction, which lead to the enhancement of T 1 effect. [23] [24] [25] [26] Thus, the distance between T 2 and T 1 contrast agent may determine the effect of T 2 contrast agent to a T 1 contrast agent. The Strategy of loading Gd-chelate on the surface of iron oxide NPs with suitable distance may develop a new T 1 contrast agent with high performance.
Recently, silica coating has been widely used to improve the biocompatibility and stability of biomedical materials. [27] [28] [29] Among all approaches, the reverse microemulsion method has been widely used to coat hydrophobic NPs with tunable silica shell. 30, 31 Furthermore, the silica coating shell is easy to couple and label functional molecules based on the abundant functional group. 32, 33 These unique features endow it to be the best tool to adjust the distance between iron oxide NPs and Gdchelate and discuss the distance effect on T 1 contrast ability of Gd-chelate. Herein, we developed a strategy to improve the T 1 contrast ability of Gd-chelate by loading the Gd-chelate on the surface of silica-coated iron oxide NPs (IO@SiO 2 -DTPA-Gd). The r 1 value of IO@SiO 2 -DTPA-Gd NPs with the silica shell thickness of~12 nm was about 33.6 mM −1 s −1 , which was approximately 6 times higher than Gd-DTPA. Further analysis indicated that the improvement of T 1 relaxation was not only because of the increase of molecular tumbling time caused by the IO@SiO 2 nanocarrier but also the generated magnetic field caused by the IO core. In addition, the improvement effect of T 1 relaxation increased with the growth of silica shell thickness. Based on its high T 1 contrast ability, IO@SiO 2 -DTPA-Gd NPs can effectively detect tumor cells on the cellular and in vivo level. This nanostructure with high T 1 contrast ability may open a new approach to construct high-performance T 1 contrast agent.
Materials And Methods Materials
Oleic acid (tech 90%), tetraethylorthosilicate (TEOS 99.9%), (3-aminopropyl) triethoxysilane (APTES 97%), 1-octadecene (90%), and oleic acid (90%) were purchased from Alfa Aesar. (Shanghai, China); p-SCN−Bn−DTPA was purchased from Macrocyclics; Sodium oleate, iron chlorides, hexane, isopropanol, ammonium hydroxide, and ethanol were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All chemicals were used as received without further purification.
Characterizations
Transmission electron microscopy (TEM) images were taken on JEOL JEM-2100 at 200 kV. The X-ray diffraction (XRD) patterns were obtained on the Rigaku Ultima IV system. The iron and gadolinium concentrations in NPs were measured with inductively coupled plasma atomic emission spectroscopy (ICP-AES). The absorbance was measured using a microplate reader (MultiSkan FC microplate reader, Thermo scientific). The MRI testing and T 1 relaxation time measurements were tested at a 0.5 T NMR120-Analyst NMR Analyzing&Imaging system (Niumag Corporation, Shanghai, China).
Preparation Of Iron Oxide NPs
In a typical experiment, 0.8 g iron-oleate (0.88 mmol) synthesized as aforementioned and 142 μL oleic acid (0.44 mmol) were dissolved in 12 mL 1-octadecene at room temperature. The mixture was degassed in vacuum for 30 min and backfilled with argon to remove any low volatile impurities and oxygen at room temperature. After that, the reaction solution was heated to reflux with a constant heating rate of 3.3°C min −1 and kept at that temperature for 1 h. The resultant solution was then cooled to room temperature and mixed with 30 mL isopropanol to precipitate the NPs. The NPs were separated by centrifugation and washed three times with ethanol. After washing, the NPs were dissolved in hexane for long term storage at 4°C.
Preparation Of IO@SiO 2 -NH 2 NPs
The reverse microemulsion method was used to prepare IO@SiO 2 -NH 2 NPs. In a typical experiment, we added 1.2 mL of Co-520, 2 mL of iron oxide NPs solution (0.8 mg/mL), 200 μL of TEOS, and 400 μL of ammonia into 20 mL of cyclohexane. After 16 h reaction at room temperature, we added 20 μL of APTES to modify the amino group on the surface. The resultant solution was mixed with 40 mL of ethanol to precipitate the nanomaterials at 14,000 rpm. The nanomaterials were washed three times with ethanol. After washing, this nanomaterial was dissolved in ultrapure water (18.2 MΩ·cm) at room temperature for further use. By adjusting the amount of TEOS, the IO@SiO 2 -NH 2 NPs with different shell thicknesses could be synthesized.
Conjugation Of DTPA-Gd On IO@SiO 2 -NH 2 NPs
The conjugation of DTPA-Gd was achieved by reacting the IO@SiO 2 -NH 2 NPs with p-SCN-DTPA with the molar ratio of 1:3. The NPs were separated by centrifugation and washed three times with water to remove the free p-SCN-DTPA. After washing, the NPs were dissolved in 10 mL GdCl 3 .6H 2 O (194.7 mg) solution (pH 7.4) and stirred overnight. The resultant product was centrifuged and redispersed in water three times and dissolved in water for long term storage at 4°C.
Measurement Of MR Relaxivities Of NPs
To measure the T 1 relaxivities, samples with different gadolinium ion concentrations were dispersed in 1% agarose solution. The T 1 relaxation times for all the samples were measured by a 0.5 T NMI20-Analyst NMR system and used to calculate the relaxation rates of the samples. The T 1weighted MRI images for the samples were acquired using the MSE sequence as the following parameters: TR/TE = 100/ 12 ms, 256 × 256 matrices, thickness = 1mm, NS = 2.
Cell Culture
HeLa cells were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). HeLa cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM medium) supplemented with 10% fetal bovine serum (FBS, Hyclone) and antibiotics (100 mg/mL streptomycin and 100 U/mL penicillin) and maintained in a humidified atmosphere of 5% CO 2 at 37°C.
Cytotoxicity Evaluation
Cells were seeded into a 96-well plate with a density of 5 × 10 3 cells/well in the culture medium and incubated in the atmosphere of 5% CO 2 at 37°C for 12 h. The cells were then incubated with IO@SiO 2 -DTPA-Gd NPs at a serial of Gd concentrations for 24 h. Each experiment in the same concentration was performed in five times. Subsequently, the culture medium was removed, we replaced the growth medium with DMEM containing 0.5 mg/mL of 3-(4, 5-dimethylthiazol-2yl)-2, 5-diphenyltetrazolium bromide (MTT) and incubated for another 4 h at 37°C. After discarding the culture medium, 100 μL of DMSO was added to dissolve the precipitates and the resulting solution was measured for absorbance at 492 nm using a MultiSkan FC microplate reader (Thermo scientific).
Cellular Imaging
HeLa cells were seeded with a density of 5 × 10 3 cells/well in the culture medium and incubated in the atmosphere of 5% CO 2 at 37°C for 12 h. The cells were then incubated with IO@SiO 2 -DTPA-GdNPs and DTPA-Gd for 6 h. Each experiment in the same concentration was performed in three wells. We then centrifuged the cells at 200 g for 5 min to harvest them. Then, we concentrated the cells at the button of the EP tube by centrifugation and performed T 1 -weighted MRI imaging on a 0.5 T NMI20-Analyst NMR system. The samples were scanned using a multi-echo T 1 -weighted fast spin-echo imaging sequence (TR/TE = 100/12 ms, 256 × 256 matrices, thickness = 1mm, NS = 16).
In Vivo MR Imaging
For establishment of HeLa tumor model, female Balb/c nude mice (25 ± 2 g, 4-5 weeks) were supplied by Center of Experimental Animals, Daping Hospital, China. All animal experiments were executed according to the protocol approved by the Animal Care and Use Committee of Army Medical University, China. Xenografted tumor models were made by subcutaneous inoculation of 10 6 HeLa cells suspended in 100 μL PBS at the right back of mice. When the tumor reached 100 mm 3 , the mice bearing tumor were intravenously injected IO@SiO 2 -DTPA-Gd NPs (2 mg Gd/kg body weight). The T 1 -weighted MRI imaging was performed on the 7 T Animal MRI (Bruker) and the MR images were acquired using the following parameters: TR/TE = 1500/8 ms, 256 × 256 matrices, thickness = 1mm, FOV = 250×250 mm. The MR images were sequentially acquired at pre-injection and 15, 30, 45, 60 and 120 min post-injection.
Statistical Analysis
Statistical analysis was performed using the Student's ttest for unpaired data, p values of less than 0.05 were accepted as a statistically significant difference compared to controls.
Results And Discussion

Synthesis And Characterization
To obtain silica-coated iron oxide nanostructure to improve the T 1 relaxation of Gd-chelate, Fe 3 O 4 (IO) NPs were synthesized by thermal decomposition of iron-oleate in 1-octadecene. TEM images ( Figure 1A) indicated that the as-prepared product was monodispersed spherical NPs in high yield. The diameters of these products were about 12 nm. Additionally, the high-resolution TEM (HRTEM) images ( Figure 1B) showed the uniform lattice fringes across the whole NPs, revealing its good crystallinity and implying its good magnetic property. Further X-ray powder diffraction pattern analysis ( Figure 1C ) confirmed that the product exhibited the typical IO diffractogram pattern (JCPDS number 82-1533). We then analyzed the magnetic properties of as-prepared IO NPs by the superconducting quantum interference device magnetometer at 300 K. It appeared that the IO NPs showed a smooth M-H curve ( Figure 1D ) with no hysteresis at ambient temperature, suggesting the superparamagnetic behavior. Moreover, the M s value of IO NPs was about 49 emu/g. These magnetic features endowed IO NPs to generate the magnetic field under the local filed to affect the T 1 relaxation of Gd-chelate. We further coated the IO NPs by silica shell through a reverse microemulsion method with TEOS and (3-aminopropyl) APTES (Figure 2A ). TEM images showed the typical spherical core/shell structure with the average shell thickness of~12 nm ( Figure 2B ). Moreover, all product showed uniform coating of silica on IO NPs with single core and no core-free silica NPs existed. These features ensured it to be the suitable candidate for coupling Gd-chelate to construct new T 1 contrast agent with uniform ability. In addition, the morphology and size of single-core IO NPs maintained the same before and after coating ( Figure 2B and C), enabling IO@SiO 2 with magnetic ability to affect the T 1 relaxation of Gdchelate. The conjugation of Gd-chelate on the surface of IO@SiO 2 was achieved through the combination between amino groups on IO@SiO 2 and isothiocyanate of DTPA. ICP-AES analyses indicated that the Gd to Fe ratio is about 0.1:1. The TEM image showed that the IO@SiO 2 -DTPA-Gd NPs exhibited similar size and morphology to that of IO@SiO 2 NPs (Figure 2C and D) . Furthermore, the IO@SiO 2 -DTPA-Gd NPs showed high colloidally stable in water at room temperature, which was essential for further biological application.
MR Relaxivities Investigation
To evaluate the MRI performance of IO@SiO 2 -DTPA-Gd NPs, we detected its T 1 relaxivity by a 0.5 T MRI scanner. In addition, DTPA-Gd was used for comparison ( Figure 3A) . T 1 relaxation analyses indicated that IO@SiO 2 -DTPA-Gd NPs showed significantly higher T 1 contrast ability than free DTPA-Gd ( Figure 3B and C). The r 1 value of IO@SiO 2 -DTPA-Gd NPs was approximately 33.6 mM −1 s −1 (Figure S1 ), which was about 6 times higher than that of DTPA-Gd (5.5 mM −1 s −1 ). Consistent with the r 1 values analyses, IO@SiO 2 -DTPA-Gd NPs exhibited better T 1 contrast imaging ability than free DTPA-Gd at the same concentration of Gd. Since the IO@SiO 2 showed negligible T 1 contrast ability (Figure S2) , the improved T 1 contrast ability could be mainly ascribed to the improvement of molecular tumbling time of DTPA-Gd caused by the nanocarrier. 34, 35 Additionally, the magnetic field induced by the T 2 contrast agent may also result in T 1 spin alignment in the same direction and enhancement of T 1 effect. To investigate whether the magnetic IO@SiO 2 core could improve the T 1 relaxation of DTPA-Gd, we synthesized SiO 2 -DTPA-Gd with similar size as the control group ( Figure 4A ). TEM analyses showed that SiO 2 -DTPA-Gd exhibited a similar size to IO@SiO 2 -DTPA-Gd NPs (Figure 4B ), implying the similar molecular tumbling time of SiO 2 -DTPA-Gd and IO@SiO 2 -DTPA-Gd NPs. These results could exclude the effect of molecular tumbling time on further T 1 relaxation analyses of SiO 2 -DTPA-Gd and IO@SiO 2 -DTPA-Gd NPs. We detected the T 1 relaxation of SiO 2 -DTPA-Gd and IO@SiO 2 -DTPA-Gd NPs by a 0.5 T MRI scanner ( Figure 4C and D) . Interestingly, it appeared that SiO 2 -DTPA-Gd (22.1 mM −1 s −1 ) showed notable higher T 1 relaxation than DTPA-Gd (5.5 mM −1 s −1 ), which could be attributed to the increase of molecular tumbling time ( Figure S3 ). It's worth note that the r 1 value of IO@SiO 2 -DTPA-Gd NPs was 33.6 mM −1 s −1 , which was significantly higher than that of SiO 2 -DTPA-Gd. Considering that IO@SiO 2 -DTPA-Gd and SiO 2 -DTPA-Gd NPs had the similar molecular tumbling time, these results clearly indicated that the improved T 1 relaxation of IO@SiO 2 -DTPA-Gd NPs was not only caused by the increased molecular tumbling time but also caused by the magnetite core of IO@SiO 2 . Since the increments caused by the increase of molecular tumbling time was larger than that of introducing of magnetite, molecular tumbling time increase was the main reason to elevate the r 1 value of IO@SiO 2 -DTPA-Gd NPs. Further T 1 -weighted photon images revealed that the T 1 signal increases of IO@SiO 2 -DTPA-Gd NPs were more obvious than that of SiO 2 -DTPA-Gd, which endowed it with the ability to be a potential candidate for disease diagnosis.
We further assessed the effect of the SiO 2 thickness on the T 1 contrast ability of IO@SiO 2 -DTPA-Gd NPs ( Figure 5A ). We synthesized IO@SiO 2 -DTPA-Gd NPs with the silica thickness of 0, 5, and 12 nm by reverse microemulsion method through tuning the amount of TEOS. TEM images indicated that the thickness of the silica shell increased with the increase of TEOS ratio ( Figure 5B and D) . More importantly, all products showed the single core structure without core-free silica nanosphere. This feature endowed these products as suitable samples to discuss the effect of silica shell thickness to T 1 relaxation of IO@SiO 2 -DTPA-Gd NPs. T 1 relaxation analyses indicated that the r 1 values of IO@SiO 2 -DTPA-Gd NPs with a thickness of 0, 5, and 12 nm were 9.6, 14.8, and 33.6 mM −1 s −1 , respectively ( Figure 5E and F) . These results revealed that the T 1 contrast ability of IO@SiO 2 -DTPA-Gd increased with the increase of shell thickness. It should be noted that IO@SiO 2 -DTPA-Gd with the silica thickness of 0 and 5 nm even showed remarkable lower r 1 value than SiO 2 -DTPA-Gd. These results could be ascribed to the quenching effect of T 2 contrast agent to the DTPA-Gd and indicated that the effect of magnetite core to surface DTPA-Gd was decided by the distance. 20, 36 The distance between magnetite and DTPA-Gd was more close, the quenching effect of magnetite to DTPA-Gd was strong enough to hinder the T 1 relaxation of DTPA-Gd. Along with the increase of distance between magnetite and DTPA-Gd, quench effect decreased and showed the enhancement effect of magnetite to DTPA-Gd.
Celluar Imaging And Cytotoxicity Evaluation
To evaluate the T 1 contrast ability of IO@SiO 2 -DTPA-Gd NPs on the cellular level, we incubated IO@SiO 2 -DTPA-Gd NPs with HeLa cells and conducted T 1 -weighted imaging. It appeared that the cells incubated with IO@SiO 2 -DTPA-Gd NPs showed a remarkable bright signal in T 1 -weighted imaging, which was significantly higher than that of DTPA-Gd treated group ( Figure 6A) . The signal-to-noise ratio analyses ( Figure 6B ) further confirmed that IO@SiO 2 -DTPA-Gd NPs group was much higher than the DTPA-Gd group, demonstrating IO@SiO 2 -DTPA-Gd could be used as a contrast agent to achieve T 1 contrast imaging. The cytotoxicity of IO@SiO 2 -DTPA-Gd NPs was detected via the MTT assay to assess its biocompatibility. It appeared that no obvious decrease in cell viability which could be observed after incubation of IO@SiO 2 -DTPA-Gd NPs with Hela cells for 24 h ( Figure S4 ). Neither apparent agglomeration nor precipitation was observed for IO@SiO 2 -DTPA-Gd NPs after incubation for 24 h in water and different physiological media including PBS buffer, DMEM culture medium, and blood serum ( Figure S5 ). These results indicated that IO@SiO 2 -DTPA-Gd NPs showed the good stability and high biocompatibility, which ensured it as a contrast agent for further biological application.
In Vivo MR Imaging
Considering the good biocompatibility and high contrast capability of IO@SiO 2 -DTPA-Gd NPs, in vivo MR imaging was then performed for tumor detection. The T 1 -weighted MR images exhibited that T 1 signal of tumor region gradually increased and showed sufficient signal to detect tumor in mice ( Figure 7A ). To quantify the contrast enhancement, the SNR ratio was calculated according to the T 1 -weighted MR images. It appeared that the post-injection signal was much higher than the pre-injection signal (about 1.3 fold at 30 min), demonstrating IO@SiO 2 -DTPA-Gd could also be used as a contrast agent to achieve in vivo T 1 contrast imaging ( Figure 7B ). But due to the lack of modification and tumor targeting module, less accumulation of NPs existed in tumor and resident time was short. Hence, the modification such as PEGylation and tumor targeting module or the tumor microenvironment response module should be added in the further experiment to enhance the retention effect and the visibility of tumor in vivo.
Conclusion
In conclusion, we developed a high-performance nanosized T 1 contrast agent IO@SiO 2 -DTPA-Gd NPs by loading the Gd-chelate on the surface of silica-coated iron oxide NPs. The synthesized NPs IO@SiO 2 -DTPA-Gd showed high r 1 value, which was approximately 6 times higher than Gd-DTPA when the silica shell thickness of1 2 nm. In addition, to reveal the underlying mechanism, IO@SiO 2 , SiO 2 -DTPA-Gd, and IO@SiO 2 -DTPA-Gd were synthesized respectively and compared to each other. These results clearly indicated that the improved T 1 relaxation of IO@SiO 2 -DTPA-Gd NPs was not only caused by the increased molecular tumbling time but also caused by the magnetite core of IO@SiO 2 . Additionally, the increase of distance between magnetite core and DTPA-Gd could also reduce the quenching effect and show the enhancement effect of magnetite core to DTPA-Gd. Moreover, the remarkable bright signal in T 1weighted imaging of IO@SiO 2 -DTPA-Gd NPs incubating cells and in vivo MR imaging indicated that IO@SiO 2 -DTPA-Gd NPs could be the potential MRI contrast agent for the future clinical application.
